Most cancer cells exhibit a high rate of glycolysis, which serves as their primary energy-generating pathway, irrespective of oxygen availability---a phenomenon termed the Warburg effect ([@B1]). In particular, malignant or rapidly proliferating cancer cells typically have glycolytic rates ≤200 times higher than those of their normal tissues of origin, even in the presence of oxygen. These high glycolytic rates are the result, in large part, of overexpression and increased activity of hexokinase II (HKII) ([@B2], [@B3]).

HKII is an enzyme that catalyzes ATP-dependent phosphorylation of glucose to produce glucose 6-phosphate, which is the first step of glycolysis ([@B3], [@B4]). HKII is abundant in embryonic tissues and, to a lesser extent, in certain adult tissues (*e.g.,* adipose tissue, skeletal muscle, and cardiac muscle) ([@B5]); however, in highly aggressive cancer cells, expression levels of HKII are often \>100-fold higher than those of normal cells ([@B6], [@B7]), and the increased HKII activity aids in survival and growth of these cells in the hypoxic conditions of neoplastic mass accrual ([@B1], [@B3]).

Among the 4 isoforms of mammalian hexokinase (HKI--HKIV), only HKI and HKII directly interact with mitochondria, both physically and functionally ([@B4]). HKII is the predominant isoform that is overexpressed in malignant tumors, where ≤70% of the enzyme is bound to the outer mitochondrial membrane (OMM) *via* interaction with the voltage-dependent anion channel (VDAC), the major channel for transport of ions and metabolites between mitochondria and the cytosol ([@B5], [@B8], [@B9]). Interaction with VDAC occurs *via* the N-terminal 15 aa of HKII, and this highly conserved hydrophobic domain at the N termini of HKI and HKII is both necessary and sufficient for mitochondrial binding ([@B10]). Binding to mitochondria gives HKII preferential access to mitochondria-generated ATP, which the enzyme selectively uses for glucose phosphorylation, even if extramitochondrial ATP is available, thereby directly coupling glycolysis to oxidative phosphorylation (oxphos) ([@B4]). Mitochondria-bound HKII is also less susceptible to inhibition by its glucose-6-phosphate product ([@B3], [@B11]). Thus, mitochondrial binding of HKII enables cancer cells to maintain a much greater rate of glycolysis.

Overexpression of HKII is required not only for tumor initiation and maintenance ([@B12]), but also for promotion of metastasis ([@B13]). The glucose-6-phosphate product of HKII-mediated phosphorylation of glucose is a metabolic intermediate precursor in most biosynthetic pathways and is therefore essential for generating nucleic acids, lipids, and proteins that are required for cell proliferation ([@B14], [@B15]). Moreover, high levels of mitochondria-bound HKII protect cancer cells against death by maintaining the integrity of the OMM and inhibiting release of key apoptogenic molecules, such as cytochrome *c*, from the intermembrane space ([@B2], [@B7]). Of significance, deleting HKII ([@B12]), silencing the HKII transcript ([@B3]), or dissociating HKII from mitochondria *via* disruption of the VDAC-HKII association have been shown to induce apoptosis in cancer cells ([@B16][@B17][@B18][@B19]--[@B20]).

In this work, we tested the ability of a peptide corresponding to the mitochondrial membrane--binding N-terminal 15 aa of HKII (pHK) to selectively dissociate HKII from mitochondria and induce apoptosis in cancer cells. To enhance the cellular uptake and efficacy of pHK, we covalently coupled the peptide to a short, penetration-accelerating segment (PAS; GKPILFF) ([@B21]). Attachment of PAS to cell-penetrating peptides (CPPs) has previously been shown to increase their cellular uptake ([@B21][@B22]--[@B23]). Our results demonstrate that pHK-PAS is a novel CPP with potent anticancer properties.

MATERIALS AND METHODS {#s1}
=====================

Reagents {#s2}
--------

pHK, pHK-PAS, scrambled pKH (pHK~scram~)-PAS, and penetratin (pAntp)-PAS (sequences shown in [**Table 1**](#T1){ref-type="table"}) were synthesized by Selleck Chemicals (Houston, TX, USA) using standard Fmoc methods. PBS; DMSO; carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP); mitochondria isolation kit; heparin; sodium azide; 2-deoxy-[d]{.smallcaps}-glucose; and the endocytosis inhibitors chlorpromazine, methyl-β-cyclodextrin, filipin, nocodazole, and cytochalasin D were purchased from Sigma-Aldrich (St. Louis, MO, USA). Alexa Fluor 488 NHS Ester (succinimidylester), tetramethylrhodamine methyl ester (TMRM), 70 kDa neutral dextran-tetramethylrhodamine, cholera toxin subunit B (recombinant)--Alexa Fluor 555 conjugate, transferrin (from human serum)--Alexa Fluor 546 conjugate, Hoechst 33342, MitoTracker Red FM, wheat germ agglutinin--Alexa Fluor 594 conjugate (membrane marker), and dead cell apoptosis kit were all from Molecular Probes (Carlsbad, CA, USA). CellTiter 96 AQueous One Solution \[MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2*H*-tetrazolium, inner salt\] Cell Proliferation Assay and CellTiter-Glo (CTG) Luminescent Cell Viability Assay kits were from Promega (Madison, WI, USA). Bradford Protein Assay was procured from Bio-Rad (Hercules, CA, USA). Mouse monoclonal human HKII, VDAC1, cytochrome *c*, and β-actin Abs, as well as horseradish peroxidase--conjugated mouse IgG Ab, were purchased from Santa Cruz Biotechnology (Dallas, TX, USA).

###### 

Primary sequences of HKII-derived and control peptides used in this study

  Peptide               Sequence
  --------------------- -----------------------------------
  pHK^*a*^              MIASHLLAYFFTELN-amide
  pHK~A488~^*b*^        A488-MIASHLLAYFFTELN-amide
  pHK-PAS^*c*^          MIASHLLAYFFTELNGKPILFF-amide
  pHK-PAS~A488~^*d*^    A488-MIASHLLAYFFTELNGKPILFF-amide
  pHK~scram~-PAS^*e*^   LINFEMFLATSLHYAGKPILFF-amide
  pAntp-PAS^*f*^        RQIKIWFQNRRMKWKKGKPILFF-amide

^*a*^VDAC-binding N-terminal 15 aa of HKII. ^*b*^Alexa 488-labeled pHK. ^*c*^pHK coupled to PAS (GKPILFF). ^*d*^Alexa 488-labeled pHK-PAS. ^*e*^pHK~scram~ coupled to PAS. ^*f*^pAntp coupled to PAS.

Peptide preparation {#s3}
-------------------

pHK, pHK-PAS, pHK~scram~-PAS, and pAntp-PAS were purified in house by reverse-phase high-performance liquid chromatography (HPLC;Waters 2535 Quaternary Gradient Module (QGM) HPLC; Waters, Milford, MA, USA), and purity was subsequently verified by using mass spectrometry \[Agilent 6538 quadrupole time of flight liquid chromatography--mass spectrometry (QToF LC-MS) system; Agilent Technologies, Santa Clara, CA, USA\]. After purification, peptides were lyophilized and stored at −20°C until needed. Peptide stock solutions were prepared in DMSO. Peptide concentrations were determined by absorbance measurements at 280 nm (ε = 5690 and 1280 M^−1^ ⋅ cm^−1^ for tryptophan and tyrosine, respectively) on a Lambda 25 UV/sis spectrophotometer (PerkinElmer, Waltham, MA, USA) using quartz cuvettes (1-cm path length).

Peptide labeling {#s4}
----------------

Amine coupling was used to attach Alexa Fluor 488-succinimidylester to N termini of pHK and pHK-PAS \[Alexa 488-labeled pHK (pHK~A488~) and pHK-PAS (pHK-PAS~A488~)\]. Lyophilized peptide (∼0.5 mg) was dissolved in 7 M guanidine hydrochloride (GuHCl), filtered through a Whatman 0.2 μm polytetrafluoroethylene (PTFE) syringe filter (GE Healthcare Life Sciences, Logan, UT, USA), and loaded onto a Vydac C-18 microspin column (The Nest Group, Southborough, MA, USA). The column was then washed with a 10% acetonitrile, 0.1% TFA solution, followed by MilliQ water (EMD Millipore, Billerica, MA, USA). Thereafter, dye solution (∼0.1 mg in 100 mM NaHCO~3~ buffer, pH 8.4) was added to the column, which was vortexed gently and incubated on a rotor for 2--4 h at room temperature. Finally, the column was washed again with 10% acetonitrile, 0.1% TFA, followed by MilliQ water, and the peptide was eluted with DMSO. Separation of labeled and unlabeled peptide was done by reverse-phase HPLC. The ratio of labeling was confirmed by mass spectrometry (QToF LC/MS), and concentration of labeled peptide was determined by using absorbance at 494 nm (ε = 73,000 M^−1^ ⋅ cm^−1^).

Cell lines {#s5}
----------

Human cervical HeLa cells \[CCL-2; American Type Culture Collection (ATCC), Manassas, VA, USA\] and HEK293 cells (CRL-1573; ATCC) were cultured in DMEM (Sigma-Aldrich) that was supplemented with 10% fetal bovine serum (FBS; GE Healthcare Life Sciences), 4 mM [l]{.smallcaps}-glutamine, and 1% penicillin/streptomycin (all from Sigma-Aldrich) in 5% CO~2~ at 37°C. CHO-K1 cells (CCL-61; ATCC) and mutant pgsA-745 cells (CRL-2242; ATCC) were cultured in Ham's Nutrient Mixture F12 (Sigma-Aldrich) that was supplemented with 10% FBS, 4 mM [l]{.smallcaps}-glutamine, and 1% penicillin/streptomycin in 5% CO~2~ at 37°C. Once cells reached ∼95% confluence, they were split by using 0.25% trypsin-EDTA (Sigma-Aldrich) into fractions and propagated or used in experiments.

Quantification of peptide uptake {#s6}
--------------------------------

Fluorescence-activated cell sorting (FACS) was used to measure the cellular uptake of pHK~A488~ and pHK-PAS~A488~. Cells (HeLa, CHO-K1, or pgsA-745) were seeded at a density of 2 × 10^4^ cells/well in 500 μl of complete medium in 24-well plates. After culturing for 24 h, cells were washed with PBS at 37°C, and medium was replaced with serum-free medium that contained 5--50 μM pHK~A488~ or pHK-PAS~A488~. Cells were then incubated for 30--180 min at 37°C. Subsequently, cells were washed 3 times with ice-cold PBS to remove the extracellular peptide, then treated with trypsin-EDTA (1 mg/ml) for 5 min to detach the cells and remove cell surface--bound peptide. Finally, cells were centrifuged (1000 *g* for 5 min at 4°C) and resuspended in 500 µl ice-cold PBS with 10% FBS. Data collection \[10,000 cells/sample, gated on live cells by forward/side scatter and propidium iodide (PI) exclusion\] was performed immediately after on a BD FACSAria III cell sorter (BD Biosciences, San Jose, CA, USA), and analysis was performed by using BD FACSDiva software (BD Biosciences).

To elucidate the cellular internalization pathways of pHK and pHK-PAS, HeLa cells were preincubated for 1 h at 4°C in serum-free DMEM, pretreated for 1 h at 37°C with 10 mM sodium azide and 6 mM 2-deoxy-[d]{.smallcaps}-glucose in serum- and glucose-free DMEM, or pretreated for 30 min at 37°C in serum-free DMEM with the following drugs: 0--25 μg/ml heparin, 10 µM chlorpromazine, 5 mM methyl-β-cyclodextrin, 4 µM filipin; 10 µM nocodazole, or 10 µM cytochalasin D. After addition of 25 µM pHK~A488~ or pHK-PAS~A488~, cells were maintained for 2 h at 4°C or in the presence of inhibitors at 37°C. Thereafter, cells were washed 3 times with ice-cold PBS, trypsinized, centrifuged, and resuspended in 500 µl ice-cold PBS with 10% FBS, and fluorescence was measured by FACS. Cells that were treated with peptide without inhibitors at 37°C were used as control, and cells that were treated with vehicle alone served as background. Uptake efficiency was determined by the ratio of fluorescence of cells treated with peptide under different inhibition conditions to control cells.

Intracellular imaging and colocalization {#s7}
----------------------------------------

Cells (HeLa, CHO-K1, or pgsA-745) were seeded at a density of 2 × 10^4^ cells/well in 500 μl of complete medium in 4-chambered 35-mm glass bottom Cellview cell culture dishes (Greiner Bio-One, Monroe, NC, USA). After culturing for 24 h, medium was replaced with phenol red-- and serum-free medium that contained 25 μM pHK or pHK-PAS, and incubated for 2 h. For some experiments, HeLa cells were preincubated for 1 h at 4°C in serum-free DMEM, pretreated for 1 h at 37°C with 10 mM sodium azide and 6 mM 2-deoxy-[d]{.smallcaps}-glucose in serum- and glucose-free DMEM, or pretreated for 30 min at 37°C with 10 µM cytochalasin D in serum-free DMEM. After addition of 25 µM pHK~A488~ or pHK-PAS~A488~, cells were maintained for 2 h at 4°C or in the presence of inhibitors at 37°C. Thirty minutes before imaging, medium was replaced with fresh medium that contained organelle markers (5 μg/ml Hoechst 33342 and 50 nM MitoTracker Red) or vehicle. Finally, immediately before imaging, medium was once again replaced with fresh medium to remove any extracellular markers. Imaging was performed on an Olympus Fluoview FV-1000 confocal laser scanning microscope using a ×63 Plan-Apo/1.3 NA oil immersion objective with differential interference contrast capability. Image processing was done using Fiji image processing software (Fiji/ImageJ, National Institutes of Health, Bethesda, MD, USA) ([@B24]).

Cell viability and toxicity assays {#s8}
----------------------------------

Cell viability and toxicity was measured by using the following: *1*) MTS assay, which measures reduction of the tetrazolium compound MTS to soluble formazan, by dehydrogenase enzymes, in living cells ([@B25], [@B26]); *2*) CTG assay, which involves the addition of a single reagent directly to cells in culture and results in cell lysis and generation of a luminescent signal proportional to the amount of ATP present ([@B27]); *3*) dead cell apoptosis assay, in which Alexa Fluor 488--conjugated annexin V is used as a sensitive probe to detect exposed phosphatidylserine in apoptotic cells ([@B28]), and red-fluorescent PI, a membrane impermeant nucleic acid binding dye, assesses plasma membrane integrity and distinguishes between apoptosis and necrosis ([@B29]).

HeLa or HEK293 cells were seeded at a density of 2 × 10^4^ cells/well in 100 μl of complete DMEM in standard (for MTS) or white opaque-walled (for CTG) 96-well plates. After culturing for 24 h, medium was replaced with medium that contained pHK, pHK-PAS, pHK~scram~-PAS, or pAntp-PAS at the desired concentration, and cells were incubated for the indicated duration at 37°C. Thereafter, medium was replaced with fresh medium, and 20 μl MTS reagent was added to each well. MTS reagent was incubated for 4 h at 37°C, and absorbance of the soluble formazan product (λ = 490 nm) of MTS reduction was measured on a Synergy H1MF Multi-Mode microplate reader (BioTek, Winooski, VT, USA), with a reference wavelength of 650 nm to subtract background. For CTG assay, plates were first allowed to equilibrate to room temperature for 30 min, at which point 100 μl CTG reagent---prepared beforehand by dissolving CTG substrate in CTG buffer---was added to each well, and contents were mixed for 2 min on an orbital shaker to induce cell lysis. Plates were then incubated for 10 min at room temperature, and luminescence was measured on a Synergy H1MF Multi-Mode microplate reader. Wells that were treated with peptide-free carrier were used as control, and wells with medium alone served as a blank. MTS reduction or intracellular ATP levels were determined from the ratio of the absorbance or luminescence, respectively, of treated wells to control wells.

For the dead cell apoptosis assay, HeLa cells were treated with 50 μM pHK or pHK-PAS for 24 h at 37°C. Cells were subsequently washed with ice-cold PBS, harvested by trypsinization, centrifuged, and resuspended in 1× annexin binding buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl~2~, pH 7.4) to a density of ∼1 × 10^6^ cells/ml. Cells were then stained with 5 µl Alexa Fluor 488--conjugated annexin V and 0.1 µg PI per 100 µl of cell suspension for 15 min at room temperature. Immediately after, fluorescence was measured by using FACS, and fractions of live (annexin V^−^/PI^−^), early, and late apoptotic (annexin V^+^/PI^−^ and annexin V^+^/PI^+^, respectively), as well as necrotic (annexin V^−^/PI^+^) cells were determined.

Measurement of mitochondrial membrane potential {#s9}
-----------------------------------------------

HeLa or HEK293 cells were seeded at a density of 2 × 10^4^ cells/well in 24-well plates, cultured for 24 h, then treated with 25 or 50 μM pHK or pHK-PAS, or 50 μM pHK~scram~-PAS or pAntp-PAS, for 24 h at 37°C. Thereafter, cells were washed with PBS and incubated with the mitochondrial membrane potential (ΔΨ~m~) probe TMRM (200 nM) ([@B30]) in complete DMEM for 20 min at 37°C. Finally, cells were washed 3 times with ice-cold PBS, trypsinized, centrifuged, and resuspended in 500 µl ice-cold PBS with 10% FBS, and TMRM fluorescence was measured by FACS. Cells that were treated with uncoupling agent, FCCP (10 µM), were used as positive controls for ΔΨ~m~ dissipation, and cells that were treated with vehicle alone served as negative controls.

Measurement of cellular metabolic activities {#s10}
--------------------------------------------

The oxygen consumption rate (OCR) and extracellular acidification rate (ECAR), which are indicators for oxphos and glycolysis, respectively, were measured on a Seahorse XFp Extracellular Flux Analyzer (Seahorse Bioscience, Billerica, MA, USA). HeLa cells were seeded at a density of 2 × 10^4^ cells/well in 8-well Seahorse XFp Miniplates, cultured in complete DMEM for 24 h, then treated with 25 μM pHK or pHK-PAS for 24 h at 37°C.

Oxphos was assessed by using the Seahorse XF Mito Stress Test Kit. Culture medium was removed and cells were rinsed twice with 300 μl assay medium (Seahorse XF Base Medium supplemented with 1 mM pyruvate, 2 mM glutamine, and 10 mM glucose, pH 7.4), that was prewarmed to 37°C, and, finally, 150 μl of assay medium was added to each well. Plates were then incubated at 37°C with CO~2~ for 1 h before assay. OCR was measured for 20 min to establish a baseline rate, followed by sequential addition of 1.0 μM FCCP, an uncoupling agent that induces maximal oxygen consumption by cytochrome *c* oxidase (complex IV), and a mixture of 1.0 μM rotenone and 1.0 μM antimycin A, which inhibit complexes I and III, respectively, and effectively shut down mitochondrial respiration. The change in OCR from the baseline rate in response to FCCP was used to calculate spare respiratory capacity, whereas the difference between FCCP-induced OCR and the value after addition of rotenone/antimycin A was used to calculate maximal respiration.

Glycolytic function was assessed by using the Seahorse XF Glycolysis Stress Kit. Culture medium was removed and cells were rinsed twice with 300 μl of assay medium (Glycolysis Stress Test Base Medium supplemented with 2 mM [l]{.smallcaps}-glutamine, pH 7.4) that was prewarmed to 37°C, and, finally, 150 μl of assay medium was added to each well. Plates were then incubated at 37°C with CO~2~ for 1 h before assay. ECAR was measured for 20 min to establish a baseline rate, followed by sequential addition of 10 mM glucose and 1.0 μM oligomycin, an ATP synthase (complex V) inhibitor. Changes in ECAR from the baseline rate in response to glucose and oligomycin were used to calculate glycolysis and glycolytic capacity, respectively.

Cell fractionation and Western blot analysis {#s11}
--------------------------------------------

pHK-PAS--treated HeLa and HEK293 cells were washed with ice-cold PBS, harvested by trypsinization, and centrifuged (1000 *g* for 5 min at 4°C). Cell pellets were resuspended in 150 μl isotonic isolation buffer (250 mM sucrose, 20 mM HEPES, pH 7.4, 10 mM KCl, 1.5 mM MgCl~2~, 1 mM sodium EDTA, 1 mM dithiothreitol, 10 mM PMSF, 10 µM leupeptin, and 10 µM aprotinin). After chilling on ice for 3 min, cells were disrupted by 40 strokes of a glass homogenizer, and lysis was verified by phase-contrast light microscopy. The homogenate was centrifuged twice at 1500 *g* for 30 min at 4°C to remove intact cells and nuclei. The mitochondria-enriched fraction was then pelleted by centrifugation at 12,000 *g* for 30 min at 4°C. To isolate cytosolic protein, supernatant was removed and filtered through 0.2 µm followed by 0.1 µm Ultrafree MC filters (Millipore, Billerica, MA, USA). The protein content of mitochondria-enriched and cytosolic fractions was determined by Bradford assay. Samples (2 µg/lane) were electrophoresed on a 10--12% SDS polyacrylamide gel, transferred to a nitrocellulose membrane, and incubated overnight with mouse anti-human HKII, VDAC1, or cytochrome *c* (1:1000) Abs or anti--β-actin Ab (1:2000), followed by incubation for 3 h with horseradish peroxidase--conjugated mouse IgG Ab (1:10,000). Samples were then visualized by using SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific, Waltham, MA, USA). Densitometry of each band was quantified by using Fiji image processing software ([@B24]).

Statistical analysis {#s12}
--------------------

Confidence intervals in this work represent [sd]{.smallcaps} across at least 3 independent trials. Statistical analysis was performed by using Prism 6.0 software (GraphPad Software, La Jolla, CA, USA). Statistical significance between 2 groups was assessed by unpaired Student's *t* test, and among ≥3 groups by 2-way ANOVA, followed by Bonferroni\'s *post hoc* test. A value of *P* \< 0.05 was considered statistically significant.

RESULTS {#s13}
=======

Our overall approach was to correlate the cellular internalization of HKII-derived peptides, pHK and pHK-PAS (sequences shown in [Table 1](#T1){ref-type="table"}), with their cytotoxic effects. Specifically, we used FACS and confocal fluorescence microscopy to assess cellular uptake, internalization pathways, and intracellular localization of pHK and pHK-PAS. We then used established measures of cell viability, mitochondrial function, and cellular metabolic activities to evaluate the impact of the peptides. Finally, we related these observations to the mitochondrial binding of endogenous full-length HKII. This work was performed by using 4 complementary cell lines: HeLa and CHO-K1, 2 cancer cell lines that have established use in studies of HKII function, localization, and therapeutic targeting ([@B16], [@B31][@B32]--[@B33]); pgsA-745, a mutant CHO-K1--derived cell line with a defect in xylosyltransferase activity that inhibits production of heparan sulfate and chondroitin sulfate proteoglycans ([@B34]); and HEK-293, a noncancerous cell line ([@B16]).

PAS enhances pHK cellular uptake {#s14}
--------------------------------

Uptake of pHK~A488~ and pHK-PAS~A488~ in HeLa cells was quantified by using FACS. To overcome overestimation of cellular uptake by FACS as a result of its inability to discriminate between membrane-associated and internalized peptide, cells were treated with trypsin to remove cell surface--bound peptide ([@B35]). Confocal microscopy was used to verify that all extracellular and membrane-bound peptide was successfully removed ([Supplemental Fig. S1*A*](http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201601173R/-/DC1)).

For both pHK~A488~ and pHK-PAS~A488~, internalization began immediately upon addition of peptides to cells and reached a plateau at 2 h ([**Fig. 1*A***](#F1){ref-type="fig"}); however, the amount of pHKII-PAS taken up by cells at 30 min was ∼3-fold of that of pHK, which indicated that attachment of the PAS segment to pHK accelerated the peptide's internalization. Moreover, at all peptide concentrations tested, the amount of pHK-PAS~A488~ taken up by cells at 2 h significantly exceeded that of pHK~A488~ ([Fig. 1*B*](#F1){ref-type="fig"}). Enhancement in uptake of pHK-PAS~A488~ relative to pHK~A488~ ranged from 2.9-fold at 5 μM to 3.5-fold at 50 μM; thus, covalently coupling PAS to pHK substantially enhanced the peptide's cellular uptake.

![Quantification of cellular uptake of pHK and pHK-PAS. *A*) Time course of peptide internalization. HeLa cells were incubated with 25 µM pHK~A488~ (left) or pHK-PAS~A488~ (middle) in serum-free DMEM for 30--180 min. *B*) Dose dependence of peptide internalization. HeLa cells were incubated with 5--50 µM pHK~A488~ (left) or pHK-PAS~A488~ (middle) in serum-free DMEM for 2 h. After peptide incubation, cells were washed 3 times with ice-cold PBS, trypsinized, centrifuged, and resuspended in ice-cold PBS with 10% FBS, and fluorescence was measured by FACS. Peptide internalization was determined by subtraction of background signal (cells treated with vehicle alone) from fluorescence intensities of peptide-treated cells and plotted relative to the maximum fluorescence intensity observed (right). (Error bars lie within the symbol for some data points.) ns, nonsignificant (*P* \> 0.05). \**P* \< 0.01, \*\**P* \< 0.001, \*\*\**P* \< 0.0001 compared with pHK.](fasebj201601173Rf1){#F1}

Cellular uptake of pHK-PAS is partially mediated by interactions with cell-surface heparan sulfate proteoglycans {#s15}
----------------------------------------------------------------------------------------------------------------

Uptake of several CPPs, including the TAT peptide (derived from the HIV-1 transcription-activating protein), oligoarginine, and pAntp (from the Antennapedia homeodomain, a *Drosophila* transcription factor), was reported to be initiated by strong binding to anionic cell-surface proteoglycans, in particular, heparan sulfate ([@B35][@B36]--[@B37]). To determine whether binding to cell-surface proteoglycans is also a prerequisite for internalization of pHK and pHK-PAS, we measured the uptake of peptides in wild type CHO-K1 and proteoglycan-deficient pgsA-745 cells ([**Fig. 2**](#F2){ref-type="fig"}).

![Role of cell-surface proteoglycans in cellular uptake pHK and pHK-PAS. *A*, *B*) Wild-type CHO-K1 (left) and proteoglycan-deficient pgsA-745 (middle) cells were incubated with 5--50 µM pHK~A488~ (*A*) or pHK-PAS~A488~ (*B*) in serum-free DMEM for 2 h. *C*) Effect of free heparin on peptide internalization. HeLa cells were pretreated for 30 min at 37°C in serum-free DMEM with extracellular heparin (0--25 μg/ml), then treated with 25 µM pHK~A488~ (left) or pHK-PAS~A488~ (middle) and maintained for 2 h at 37°C in the presence of inhibitor and peptide. After peptide incubation, cells were washed 3 times with ice-cold PBS, trypsinized, centrifuged, and resuspended in ice-cold PBS with 10% FBS, and fluorescence was measured by FACS. Peptide internalization was determined by subtraction of background signal (cells treated with vehicle alone) from fluorescence intensities of peptide-treated cells and plotted relative to the maximum fluorescence intensity observed (right). (Error bars lie within the symbol for some data points.) ns, nonsignificant (*P* \> 0.05). \**P* \< 0.01, \*\*\**P* \< 0.0001 compared with controls.](fasebj201601173Rf2){#F2}

Consistent with observations in HeLa cells, coupling of PAS to pHK substantially enhanced the peptide's internalization in CHO-K1 cells, with the uptake of pHK-PAS~A488~ ranging from 4-fold to 7-fold of that of pHK~A488~ ([Fig. 2*A*, *B*](#F2){ref-type="fig"}). pHK~A488~ exhibited similar uptake in the 2 cell lines at all peptide concentrations, which indicated that cellular uptake of the peptide was not dependent on binding to cell-surface proteoglycans ([Fig. 2*A*](#F2){ref-type="fig"}). For pHK-PAS~A488~, cellular uptake was comparable between the 2 cell lines at low peptide concentrations (\<10 μM), whereas at 25 and 50 μM pHK-PAS~A488~, uptake in the mutant pgsA-745 cells was 64 ± 3 and 80 ± 3%, respectively, of that of the uptake in the parent CHO-K1 cells. This suggested that binding to cell-surface proteoglycans contributed to the cellular uptake of pHK-PAS.

To ascertain whether the decreased pHK-PAS~A488~ uptake in the proteoglycan-deficient cells was a result of the absence of heparan sulfate specifically, HeLa cells were treated with pHK-PAS~A488~ in the presence of increasing concentrations of the acidic polysaccharide, heparin, a highly sulfated analog of heparan sulfate ([Fig. 2*C*](#F2){ref-type="fig"}). Free heparin in the extracellular medium competes with cell-surface heparan sulfate proteoglycans for binding to CPPs, thereby inhibiting any potential heparan sulfate--mediated cell-surface interaction and subsequent internalization of peptides. This heparin competition assay has been widely used to determine the role of cell-surface heparan sulfate proteoglycans in the cellular uptake of a wide range of CPPs ([@B35], [@B38], [@B39]). Uptake of pHK-PAS~A488~ was unaffected by the presence of free heparin up to a concentration of 5 μg/ml; however, at higher heparin concentrations of 10 and 25 μg/ml, pHK-PAs~A488~ uptake was inhibited to 90 ± 4 and 38 ± 8%, respectively, of that of controls. Taken together, our data suggests that uptake of the pHK-PAS CPP is partially mediated by interaction with cell-surface heparan sulfate proteoglycans.

pHK-PAS cellular uptake occurs by both macropinocytosis and energy-independent mechanisms {#s16}
-----------------------------------------------------------------------------------------

To establish whether cellular internalization of pHK and pHK-PAS was by an active, energy-dependent process, such as endocytosis, or an energy-independent mechanism (*e.g.,* pore formation), as has been reported for some CPPs ([@B40]), the uptake of peptides in HeLa cells was quantified at 4°C, where all energy-dependent uptake processes are inhibited. Lowering the temperature to 4°C decreased cellular uptake of pHK~A488~ and pHK-PAS~A488~ to 8 ± 1 and 17 ± 4%, respectively, of controls at 37°C ([**Fig. 3*A***](#F3){ref-type="fig"}). Likewise, depleting the cellular ATP pool by preincubation of cells with sodium azide and deoxyglucose ([@B34], [@B41]) led to a reduction in cellular internalization of pHK~A488~ and pHK-PAS~A488~ to 31 ± 3 and 47 ± 1%, respectively, of controls ([Fig. 3*A*](#F3){ref-type="fig"}). Confocal images confirmed that uptake of peptides was reduced, but not abolished, at 4°C ([Supplemental Fig. S1*B*](http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201601173R/-/DC1)) or in ATP-depleted cells ([Supplemental Fig. S1*C*](http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201601173R/-/DC1)). Thus, although low temperature and ATP depletion diminished the amount of pHK~A488~ and pHK-PAS~A488~ taken up by cells appreciably, significant uptake of both peptides was observed under these conditions. Our results, therefore, indicated that the cellular internalization of HKII-derived peptides occurs by both energy-dependent and -independent uptake mechanisms.

![Determination of cellular uptake mechanisms of pHK and pHK-PAS. *A*) Effects of low temperature and energy depletion on peptide internalization. HeLa cells were preincubated for 1 h at 4°C in serum-free DMEM or pretreated for 1 h at 37°C with 10 mM sodium azide and 6 mM 2-deoxy-[d]{.smallcaps}-glucose in serum- and glucose-free DMEM to deplete cellular ATP. pHK~A488~ (25 µM; left) or pHK-PAS~A488~ (25 µM; middle) was then added, and cells were maintained for 2 h at 4°C or in the presence of sodium azide/2-deoxy-[d]{.smallcaps}-glucose at 37°C. *B*) Effects of endocytosis inhibitors on peptide internalization. HeLa cells were treated for 30 min at 37°C in serum-free DMEM with the following: 10 µM chlorpromazine (Chlor; clathrin-dependent endocytosis), 5 mM methyl-β-cyclodextrin (MβCD; lipid raft--mediated endocytosis), 4 µM filipin (Filip; caveolae-dependent endocytosis), 10 µM nocodazole (Nocod; microtubule polymerization), or 10 µM cytochalasin D (Cyto D; macropinocytosis). Cells were then treated with 25 µM pHK~A488~ (left) or pHK-PAS~A488~ (middle) and maintained for 2 h at 37°C in the presence of inhibitors and peptides. Thereafter, cells were washed 3 times with ice-cold PBS, trypsinized, centrifuged, and resuspended in ice-cold PBS with 10% FBS, and fluorescence was measured by FACS. Cells that were treated with peptide without inhibitors at 37°C were used as control, and cells that were treated with vehicle alone served as background. Uptake efficiencies (right) were determined from the ratio of fluorescence of cells treated with peptide under different inhibition conditions to control cells. ns, nonsignificant (*P* \> 0.05). \*\**P* \< 0.001, \*\*\**P* \< 0.0001 compared with controls at 37°C.](fasebj201601173Rf3){#F3}

To determine whether the energy-dependent uptake mechanism of the peptides involved a specific endocytic pathway, cells were pretreated with endocytosis inhibitors ([Fig. 3*B*](#F3){ref-type="fig"}). As a control, we verified the efficacy of the endocytic inhibitors, at the doses used, by determining their effect on the cellular uptake of established endocytosis markers: transferrin--Alexa Fluor 546 (clathrin-mediated endocytosis), cholera toxin B subunit--Alexa Fluor 555 (caveolae-dependent endocytosis), and 70-kDa neutral dextran-tetramethylrhodamine (micropinocytosis; [Supplemental Fig. S2*A*](http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201601173R/-/DC1)) ([@B36], [@B43], [@B44]). In addition, we confirmed that all inhibitors did not affect cell viability at the concentrations used ([Supplemental Fig. S2*B*](http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201601173R/-/DC1)).

First, we inhibited clathrin-mediated endocytosis, the best-characterized endocytosis pathway, by using chlorpromazine, which inhibits clathrin-coated pit formation ([@B45]). Treatment with chlorpromazine had a negligible effect on the cellular uptake of pHK~A488~ and pHK-PAS~A488~. Next, cells were treated with methyl-β-cyclodextrin to remove cholesterol from the plasma membrane, which disrupts several lipid raft lipid--mediated endocytic pathways, including caveolae-dependent endocytosis and lipid raft--dependent macropinocytosis ([@B46][@B47]--[@B48]). Disruption of lipid rafts by methyl-β-cyclodextrin had little effect on the cellular uptake of peptides, which indicated that internalization is lipid raft independent. This was confirmed by treating cells with filipin, an inhibitor of lipid raft--mediated caveolae endocytosis ([@B46], [@B49]), which again had a negligible effect on the uptake of peptides. Likewise, treatment with nocodazole, an inhibitor of microtubule polymerization, did not inhibit the uptake of pHK~A488~ and pHK-PAS~A488~. Conversely, treatment with cytochalasin D, a specific inhibitor of F-actin elongation that is involved in macropinocytosis ([@B50]), reduced the amount of internalized pHK~A488~ and pHK-PAS~A488~ to 36 ± 5 and 64 ± 2%, respectively, of controls ([Fig. 3*B*](#F3){ref-type="fig"} and [Supplemental Fig. S1*D*](http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201601173R/-/DC1)). Taken together, these results show that cellular uptake of pHK~A488~ and pHK-PAS~A488~ occurs by both energy-independent mechanisms and macropinocytosis.

pHK-PAS localizes to mitochondria {#s17}
---------------------------------

Intracellular localization of pHK~A488~ and pHK-PAS~A488~ after uptake was determined by using confocal fluorescence microscopy. HeLa, CHO-K1, and pgsa-745 cells were incubated with 25 μM pHK~A488~ and pHK-PAS~A488~ for 2 h at 37°C ([**Fig. 4**](#F4){ref-type="fig"}). Nucleus and mitochondria were costained with Hoechst 33342 and MitoTracker Red, respectively.

![Intracellular localization of pHK and pHK-PAS. *A*, *B*) Colocalization of pHK~A488~ (*A*) and pHK-PAS~A488~ (*B*) with mitochondria in HeLa (top), CHO-K1 (middle), and pgsA-745 (lower) cells. Cells were incubated with 25 µM pHK~A488~ or pHK-PAS~A488~ in phenol red-- and serum-free medium for 2 h, then stained with organelle markers (5 μg/ml Hoechst 33342 and 50 nM MitoTracker Red) for 30 min before confocal imaging. Scale bars, 10 µM. *C*) Pearson's correlation coefficient for pHK~A488~ (red bars) and pHK-PAS~A488~ (blue bars) in HeLa, CHO-K1, and pgsA-745 cells, respectively. Pearson's correlation coefficient measures pixel-by-pixel covariance in the signal level of 2 images and is a useful means of evaluating colocalization ([@B72]). \*\*\**P* \< 0.0001 compared with the correlation coefficient of pHK~A488~ in the same cell line.](fasebj201601173Rf4){#F4}

In agreement with FACS data ([Figs. 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}), pHK~A488~ showed weak uptake in all 3 cell lines ([Fig. 4*A*](#F4){ref-type="fig"}), and very little colocalization with mitochondria was observed ([Fig. 4*C*](#F4){ref-type="fig"}). In contrast, pHK-PAS~A488~ exhibited strong uptake in both HeLa and CHO-K1 cells, and the peptide was distributed throughout the cytosol ([Fig. 4*B*](#F4){ref-type="fig"}). OF interest, pHK-PAS~A488~ showed strong colocalization with mitochondria in both cell lines ([Fig. 4*C*](#F4){ref-type="fig"}). In proteoglycan-deficient pgsa-745 cells, pHK-PAS~A488~ internalization was somewhat reduced compared with that of parent CHO-K1 cells ([Fig. 4*B*](#F4){ref-type="fig"}), and colocalization with mitochondria was weaker ([Fig. 4*C*](#F4){ref-type="fig"}). These results are in agreement with the FACS data ([Fig. 2](#F2){ref-type="fig"}) and confirm that uptake of pHK-PAS is partially mediated by interaction with cell-surface heparan sulfate proteoglycans. Thus, pHK-PAS CPP exhibits substantially greater mitochondrial localization compared with pHK.

pHK-PAS exhibits selective cytotoxicity against cancer cells {#s18}
------------------------------------------------------------

The cytotoxic effects of HKII-derived peptides were assessed by using the MTS assay, which measures reduction of the tetrazolium compound MTS in living cells. In HeLa cells, treatment with pHK resulted in a small decrease in cell viability. At the highest pHK concentration tested (100 μM), MTS response at 96 h incubation decreased to 70 ± 7% of that of controls using protein-free carrier ([**Fig. 5*A***](#F5){ref-type="fig"}). Conversely, treatment of HeLa cells with pHK-PAS showed a significantly greater effect on cell viability. pHK-PAS diminished MTS reduction in a dose-dependent manner, which resulted in an MTS response of 73 ± 4 and 54 ± 8% at 24 h for 50 and 100 μM, respectively ([Fig. 5*A*](#F5){ref-type="fig"}). Inhibition of cell viability by pHK-PAS was also time dependent, with MTS response for 50 and 100 μM pHK-PAS decreasing further to 55 ± 8 and 35 ± 8%, respectively, at 96 h of incubation. Thus, coupling of PAS to pHK substantially enhanced the cytotoxic effects of the peptide in cancer cells.

![Complementary measures of the cytotoxic effects of pHK and pHK-PAS. *A*, *B*) Dose- and time-dependent inhibition of MTS reduction. HeLa (*A*) and HEK293 (*B*) cells were treated with the indicated concentrations of pHK (left) or pHK-PAS (right) for the indicated durations. Cells that were treated with peptide-free carrier were used as control. The percent viability was determined form the ratio of the absorbance of treated cells to control cells. (Error bars lie withing the symbol for some data points.) *C*, *D*) Detection of apoptosis and necrosis. *C*) FACS analysis of annexin V/PI staining of HeLa cells that were either untreated (control; left) or treated with 50 μM pHK (middle) or pHK-PAS (right) for 24 h. The bottom left quadrant (annexin V^−^/PI^−^) represents live cells; bottom right (annexin V^+^/PI^−^), early apoptotic cells; top right (annexin V^+^/PI^+^), late apoptotic cells; and top left (annexin V^−^/PI^+^), necrotic cells. *D*) A summary of the incidence of early and late apoptosis and necrosis in HeLa cells that were treated with pHK (left bars) or pHK-PAS (right bars) determined from FACS analysis of annexin V/PI staining in panel *C*. ns, nonsignificant (*P* \> 0.05). \**P* \< 0.01, \*\**P* \< 0.001 compared with pHK.](fasebj201601173Rf5){#F5}

To determine whether the observed cytotoxicity of pHK-PAS in HeLa cells ([Fig. 5*A*](#F5){ref-type="fig"}) is mediated by the pHK segment of the peptide, we tested 2 variants of pHK-PAS: a peptide with a pHK~scram~ sequence, denoted pHK~scram~-PAS, and a peptide in which the pHK sequence was replaced with the CPP pAntp \[from the Antennapedia homeodomain, a *Drosophila* transcription factor ([@B51])\], denoted pAntp-PAS ([@B23]). Treatment of HeLa cells with 10--100 μM pHK~scram~-PAS resulted in negligible inhibition of MTS reduction ([Supplemental Fig. S3*A*](http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201601173R/-/DC1)). Likewise, pAntp-PAS did not affect the MTS response of HeLa cells at all peptide concentrations tested ([Supplemental Fig. S3*B*](http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201601173R/-/DC1)). Taken together, these results demonstrate that the cytotoxicity of pHK-PAS in cancer cells is a result, specifically, of the pHK segment of the peptide.

In noncancerous HEK293 cells, treatment with pHK again resulted in a small decrease in cell viability, with MTS response for 100 μM peptide at 96 h decreasing to 84 ± 2% ([Fig. 5*B*](#F5){ref-type="fig"}). Of significance, treatment with pHK-PAS led to substantially lower inhibition of MTS reduction in HEK293 cells compared with HeLa cells at all peptide concentrations and incubations times ([Fig. 5*B*](#F5){ref-type="fig"}). For instance, MTS response in HEK293 cells for 50 and 100 μM pHK-PAS was 91 ± 1 and 76 ± 2%, respectively, at 24 of incubation and 90 ± 1 and 70 ± 2%, respectively, at 96 h of incubation. These results suggest that pHK-PAS exhibited selective cytotoxicity against cancer cells.

To ascertain whether pHK-PAS--induced cancer cell death occurs *via* apoptosis or necrosis, we used Alexa Fluor 488--conjugated annexin V/PI staining, an established method for the detection of apoptotic cells ([@B52]). Treatment of HeLa cells with pHK resulted in a small number of cells undergoing early and late apoptosis (6 ± 1 and 5 ± 2%, respectively, of that of controls that used protein-free carrier; [Fig. 5*C*, *D*](#F5){ref-type="fig"}). In contrast, exposure to pHK-PAS increased the population of both early and late apoptotic cells to 30 ± 5 and 10 ± 4%, respectively. These results demonstrate that pHK-PAS--induced cancer cell death occurs primarily *via* apoptosis.

pHK-PAS depolarizes mitochondrial membrane potential and depletes intracellular ATP levels {#s19}
------------------------------------------------------------------------------------------

To investigate the mechanism of apoptosis in cancer cells induced by HKII-derived peptides, we first measured the effect of the peptides on intracellular ATP levels by using the CTG assay ([**Fig. 6*A***](#F6){ref-type="fig"}). The CTG assay generates a luminescent signal that is proportional to the amount of ATP present ([@B27]). Treatment of HeLa cells with pHK resulted in a small decrease in intracellular ATP levels at 24 h of incubation (75 ± 2% of controls at 50 μM). A comparable decrease in ATP levels was observed after treatment of HeLa cells with pHK-PAS for only 2 h (82 ± 2 and 71 ± 2% at 25 and 50 μM, respectively), and ATP levels continued to decrease with prolonged exposure to the peptide. After 24 h of incubation, ATP levels in HeLa cells were severely depleted to 39 ± 5 and 26 ± 8% at 25 and 50 μM pHK-PAS, respectively. Conversely, exposure to 50 μM pHK-PAS for 24 h did not significantly decrease intracellular ATP levels in HEK293 cells ([Supplemental Fig. S3*C*](http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201601173R/-/DC1)). Thus, whereas pHK-PAS strongly decreased intracellular ATP levels in cancer cells, the peptide did not affect ATP levels in noncancerous cells.

![Effects of pHK and pHK-PAS on intracellular ATP levels and mitochondrial membrane potential. *A*) Dose- and time-dependent decrease in intracellular ATP levels. HeLa cells were treated with pHK (red bars) or pHK-PAS (blue bars) for the indicated durations. Two peptide concentrations, 25 (open bars) or 50 µM (filled bars), were used. ATP levels were then measured by using the CTG assay. Cells that were treated with peptide-free carrier were used as control. Relative ATP levels were determined from the ratio of the luminescence of treated cells to control cells. ns, nonsignificant (*P* \> 0.05). \*\**P* \< 0.001, \*\*\**P* \< 0.0001 compared with controls. *B*) ΔΨ~m~ depolarization of the inner mitochondrial membrane. HeLa cells were treated with 25 or 50 µM pHK (left) or pHK-PAS (middle) for 24 h, and fluorescence of the ΔΨ~m~ probe TMRM was measured by using FACS. Cells that were treated with the uncoupling agent, FCCP (10 µM), were used as positive controls for ΔΨ~m~ dissipation, and cells that were treated with vehicle alone served as negative controls. TMRM fluorescence intensity is plotted as a percentage of controls (right). \*\**P* \< 0.001 compared with pHK.](fasebj201601173Rf6){#F6}

We next examined the effect of pHK-PAS on ΔΨ~m~, which is critical for maintaining the physiologic function of the respiratory chain to generate ATP. Changes in ΔΨ~m~ upon exposure of cells to pHK-PAS were monitored by using TMRM, an established fluorescent probe for measuring ΔΨ~m~ ([Fig. 6*B*](#F6){ref-type="fig"}) ([@B29]). The cell-permeant TMRM accumulates in active mitochondria and its fluorescence intensity changes in proportion to changes in ΔΨ~m~. Cells that were treated with the protonophore, FCCP, an uncoupling agent that facilitates uninhibited movement of protons across the inner mitochondrial membrane and effectively depolarizes ΔΨ~m~, served as a positive control. Treatment of HeLa cells with 50 μM pHK resulted in a small decrease in TMRM fluorescence to 77 ± 5% of controls, which indicated that the peptide had little effect on ΔΨ~m~. In contrast, exposure of HeLa cells to 50 μM pHK-PAS dramatically decreased TMRM fluorescence to 19 ± 10% of controls, which is indicative of substantial depolarization of ΔΨ~m~; however, treatment of HEK293 cells with 50 μM pHK-PAS did not significantly decrease TMRM fluorescence ([Supplemental Fig. S3*C*](http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201601173R/-/DC1)), which indicated that the peptide did not depolarize ΔΨ~m~ in noncancerous cells. Taken together, our results show that treatment with pHK-PAS selectively depolarizes ΔΨ~m~ and depletes intracellular ATP levels in cancer cells.

As a control, we measured the effects of pHK-PAS variants on intracellular ATP levels and ΔΨ~m~ in HeLa cells. Treatment of HeLa cells with 50 μM pHK~scram~-PAS resulted in a negligible decrease in intracellular ATP levels and ΔΨ~m~ ([Supplemental Fig. S3*A*](http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201601173R/-/DC1)). Similarly, 50 μM pAntp-PAS did not significantly reduce intracellular ATP levels or ΔΨ~m~ in HeLa cells ([Supplemental Fig. S3*B*](http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201601173R/-/DC1)). These results confirmed that depolarization of ΔΨ~m~ and depletion of intracellular ATP levels by pHK-PAS in cancer cells were mediated by the pHK segment of the peptide.

pHK-PAS inhibits mitochondrial bioenergetic function and glycolysis {#s20}
-------------------------------------------------------------------

We probed the effect of pHK and pHK-PAS on cellular metabolic activities by monitoring mitochondrial respiration and glycolytic function. HeLa cells were treated with 25 μM pHK or pHK-PAS for 24 h at 37°C, and OCR and ECAR were measured ([@B53]). As actively respiring mitochondria consume oxygen, OCR provides as a measure of substrate flux through the oxphos pathway, whereas ECAR reflects the net production and extrusion of protons into the extracellular medium after conversion of glucose to lactate during glycolysis.

Changes in OCR as a result of sequential addition of FCCP and rotenone/antimycin A were used to determine maximal respiration and spare respiratory capacity ([**Fig. 7*A***](#F7){ref-type="fig"}). Depletion of ΔΨ~m~ by FCCP results in uninhibited electron flow through the mitochondrial respiratory chain, which leads to maximal oxygen consumption by cytochrome *c* oxidase (complex IV) ([@B54]). The combination of rotenone, a complex I inhibitor, and antimycin A, a complex III inhibitor, effectively shuts down oxphos ([@B54], [@B55]). The difference between OCR values because of FCCP and rotenone/antimycin A gives the maximal respiration ([@B55]). In control cells, maximal respiration was 96 ± 3 pmol/min, with a similar value (90 ± 5 pmol/min) obtained in pHK-treated cells. Conversely, in pHK-PAS--treated cells, maximal respiration was reduced significantly to 63 ± 6 pmol/min. The difference between the FCCP-stimulated OCR and the basal OCR yields an estimate of the spare respiratory capacity, which is a measure of the ability of cells to respond to increased ATP demand ([@B55]). Treatment with pHK did not adversely affect the spare respiratory capacity of cells; however, treatment with pHK-PAS decreased the spare respiratory capacity to 18 ± 4 pmol/min. These results show that pHK-PAS leads to severe impairment of mitochondrial respiration.

![Effects of pHK and pHK-PAS on cellular metabolic activities. *A*) Changes in mitochondrial bioenergetic function. HeLa cells were treated with 25 μM pHK (red bars) or pHK-PAS (blue bars) for 24 h at 37°C. Cells were then subjected to sequential addition of 1.0 μM FCCP and a mixture of 1.0 μM rotenone and 1.0 μM antimycin A, and the OCR was measured on a Seahorse XFp Extracellular Flux Analyzer. Spare respiratory capacity (right bars) was determined from the change in OCR from the baseline rate in response to FCCP, and maximal respiration (left bars) from the difference between the FCCP-induced OCR and the value after addition of rotenone and antimycin A. *B*) Changes in glycolytic function. HeLa cells were treated with 25 μM pHK (red bars) or pHK-PAS (blue bars) for 24 h at 37°C, followed by sequential addition of 10 mM glucose and 1.0 μM oligomycin, and the ECAR was measured on a Seahorse XFp Extracellular Flux Analyzer. Glycolysis (left bars) and glycolytic capacity (right bars) were determined from changes in ECAR from the baseline rate in response to glucose and oligomycin, respectively. ns, nonsignificant (*P* \> 0.05). \**P* \< 0.05, \*\**P* \< 0.001.](fasebj201601173Rf7){#F7}

Changes in ECAR in response to sequential addition of glucose and oligomycin were used to determine glycolysis and glycolytic capacity, respectively ([Fig. 7*B*](#F7){ref-type="fig"}). Addition of glucose to control cells resulted in an increase in ECAR of 85 ± 5 mph/min. A similar increase in ECAR of 75 ± 6 mph/min was observed in pHK-treated cells upon addition of glucose. In contrast, cells that were treated with pHK-PAS showed a much lower increase in ECAR (38 ± 1 mph/min) in response of glucose. Oligomycin inhibits ATP synthase (complex V), and the disruption of mitochondrial ATP production shifts energy production to glycolysis, with the subsequent increase in ECAR revealing the maximum glycolytic capacity of cells ([@B53]). Addition of oligomycin to control cells resulted in a maximal ECAR of 40 ± 3 mph/min, with a similar response of 37 ± 3 mph/min recorded in pHK-treated cells; however, in pHK-PAS--treated cells, maximal ECAR was substantially lower (10 ± 5 mph/min). Thus, pHK-PAS strongly inhibited glycolytic function.

pHK-PAS displaces endogenous HKII from the mitochondrial membrane and triggers release of cytochrome *c* {#s21}
--------------------------------------------------------------------------------------------------------

Finally, we established whether the observed pHK-PAS--induced effects in cancer cells were a result, specifically, of CPP displacing endogenous full-length HKII from the mitochondrial membrane. HeLa cells were treated with 50 μM pHK-PAS for 24--72 h, and immunoblotting was used to determine the amount of endogenous HKII, VDAC, and cytochrome *c* in mitochondria-enriched and cytosolic fractions at different time points.

Treatment of HeLa cells with pHK-PAS decreased HKII levels in the mitochondria-enriched fraction and concomitantly increased HKII levels in the cytosolic fraction in a time-dependent manner ([**Fig. 8*A*, *B***](#F8){ref-type="fig"}). Similarly, cytochrome *c* levels in the cytosolic fraction increased with pHK-PAS incubation time ([Fig. 8*A*, *B*](#F8){ref-type="fig"}). In contrast, VDAC levels remained constant in the mitochondria-enriched fraction, and the protein was completely absent from the cytosolic fraction at all time points ([Fig. 8*A*](#F8){ref-type="fig"}). Taken together, our results demonstrate that pHK-PAS specifically displaces HKII from mitochondria in cancer cells without affecting localization of VDAC to the OMM, and this disruption of the HKII--VDAC complex triggers release of cytochrome *c* to the cytosol and apoptosis.

![Effects of pHK-PAS on HKII and cytochrome *c* localization. HeLa and HEK293 cells were treated with 50 µM pHK-PAS for 24--72 h. Thereafter, cells were harvested and mitochondria-enriched, and cytosolic fractions were isolated. Samples were normalized for protein content and electrophoresed on a 10--12% SDS polyacrylamide gel, then transferred to a nitrocellulose membrane; incubated overnight with mouse anti-human HK II, VDAC, or cytochrome *c* Abs, followed by 3 h with horseradish peroxidase--conjugated mouse IgG Ab; and finally visualized by using SuperSignal West Pico Chemiluminescent Substrate. *A*, *C*) Immunoblots of HKII, VDAC1, and cytochrome *c* (Cyt-c) in the mitochondria-enriched (left) and cytosolic fractions (right) of control (*t* = 0) and pHK-PAS-treated (24--72 h) HeLa (*A*) and HEK293 (*C*) cells. VDAC and β-actin were used as loading controls for the mitochondria-enriched and cytosolic fractions, respectively. *B*, *D*) Changes in the HKII and cytochrome *c* content of the cytosolic fraction of control and pHK-PAS--treated HeLa (*B*) and HEK293 (*D*) cells determined by densitometric quantification of the band intensities in panels *A* and *C*, respectively. \*\*\**P* \< 0.0001 compared with controls.](fasebj201601173Rf8){#F8}

We also examined whether pHK-PAS similarly displaced HKII from mitochondria in noncancerous HEK293 cells, where HKII expression is approximately 10% of that in HeLa cells ([Supplemental Fig. S4](http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201601173R/-/DC1)). Treatment of HEK293 cells with 50 μM pHK-PAS for 24--72 h again resulted in a time-dependent decrease in mitochondria-associated HKII levels, coupled with an increase in cytosolic HKII levels ([Fig. 8*C*, *D*](#F8){ref-type="fig"}). However, unlike in HeLa cells, the competitive dissociation of HKII from mitochondria in HEK293 cells was not accompanied by a significant release of cytochrome *c* to the cytosol ([Fig. 8*C*, *D*](#F8){ref-type="fig"}). This is consistent with cell viability data that showed that pHK-PAS was substantially less toxic to HEK293 cells compared with HeLa cells ([Fig. 5](#F5){ref-type="fig"}). Thus, pHK-PAS--mediated displacement of HKII from mitochondria in noncancerous cells does not lead to apoptosis.

DISCUSSION {#s22}
==========

A key characteristic of many cancers---in particular, highly aggressive cancers---is overexpression of HKII, a phenotype that is detected clinically by positron emission tomography ([@B2], [@B3]). Elevated levels of HKII enable cancer cells to maintain a much higher rate of glycolysis, which serves as their primary energy-generating pathway and produces the glucose-derived metabolic intermediates that are necessary for synthesis of nucleotides, fatty acids, and amino acids essential for growth and proliferation ([@B1], [@B3], [@B14], [@B15]). Furthermore, the increased association of HKII with the OMM inhibits apoptosis in cancer cells ([@B2], [@B7]) and is associated with chemoresistance ([@B56], [@B57]), thereby increasing the potential for metastasis.

Given its role in cancer cell survival, growth, and proliferation, as well as its low expression levels in normal adult tissues, HKII constitutes an attractive cancer therapy target. Treatment with compounds that detach HKII from mitochondria, such as clotrimazole, 3-bromopyruvate, and methyl jasmonate, has been shown to induce apoptosis in cancer cells *in vitro* and *in vivo* ([@B17], [@B19], [@B30]); however, these compounds also seem to interact with other molecular targets and cause nonspecific cytotoxicity independent of their activity on HKII ([@B30], [@B58], [@B59]).

A promising strategy has been to use pHK, a peptide that corresponds to the VDAC-binding N-terminal 15 aa of HKII, to selectively dissociate HKII from mitochondria to inhibit activity of the enzyme ([@B60]) and trigger apoptosis ([@B16]). As pHK is poorly cell permeable ([Figs. 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}), this has necessitated the use of various delivery strategies to increase the peptide's cellular uptake. One such approach has been to couple pHK to CPPs, such as pAntp, TAT, or oligoarginine ([@B16], [@B17], [@B31]); however, given that the cellular uptake of most CPPs occurs primarily by endocytosis ([@B41]), a drawback of this approach is the endolysosomal entrapment and proteolytic degradation of coupled pHK. Recently, multiwalled carbon nanotubes were used as carriers for the cellular delivery of conjugated pHK ([@B61]). Although useful as drug delivery platforms, carbon nanotubes currently suffer from several limitations, including significant intrinsic cytotoxicity and variability in size, morphology, and purity, as well as poor drug loading, retention, or release ([@B62], [@B63]).

As an alternative approach, we covalently coupled pHK to a short PAS (GKPILFF) ([@B21]). pHK-PAS exhibited a 3- to 7-fold-greater cellular uptake compared with pHK ([Figs. 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). Of interest, attachment of PAS to oligoarginine or pAntp resulted in a comparable enhancement in cellular uptake of these CPPs ([@B21][@B22]--[@B23]). Internalization of pHK-PAS occurs by both macropinocytosis and energy-independent mechanisms ([Fig. 3*B*](#F3){ref-type="fig"}). Macropinocystosis is the primary cellular uptake route for a number of CPPs, including TAT, oligoarginine, and pAntp ([@B23], [@B36], [@B64], [@B65]). For these highly cationic CPPs, cell-surface binding *via* electrostatic interactions with negatively charged cell-surface heparan sulfate proteoglycans is a prerequisite for macropinocytosis ([@B36][@B37]--[@B38]). Internalization of the more hydrophobic pHK-PAS is less dependent on heparan sulfate proteoglycans ([Fig. 2*B*, *C*](#F2){ref-type="fig"}), and only ∼40% of the peptide is taken up by macropinocytosis ([Fig. 3*B*](#F3){ref-type="fig"}). The remainder of pHK-PAS enters cells by an ATP-independent mechanism ([Fig. 3*A*](#F3){ref-type="fig"}) that does not require binding to heparan sulfate proteoglycans, which suggests that the initial interaction for this mechanism is mediated by other cell surface components. Energy-independent uptake (*i.e.,* direct translocation across the plasma membrane) has also been observed for hydrophobic CPPs ([@B41], [@B66]). The molecular details of direct translocation by CPPs are as yet unclear, and several mechanisms have been proposed, including transient pore formation, membrane carpeting, and inverted micelle formation ([@B41]). As part of our follow-up to this study, we are currently investigating the energy-independent internalization mechanism of pHK-PAS. Thus, cellular uptake of pHK-PAS occurs by both macropinocytosis and energy-independent processes, and the utilization of multiple internalization mechanisms accounts for enhanced CPP properties of the peptide.

After uptake by cancer cells, pHK-PAS localizes to the cytosol ([Fig. 4*B*](#F4){ref-type="fig"}). In the case of uptake by macropinocytosis, the PAS sequence facilitates rapid escape of the peptide from macropinosomes to the cytosol ([@B21][@B22]--[@B23]), whereas translocation across the membrane provides the peptide with direct access to the cytosol. Once in the cytosol, pHK-PAS accumulates at the mitochondrial membrane ([Fig. 4*B*, *C*](#F4){ref-type="fig"}), where it binds to VDAC *via* the pHK segment of the peptide ([@B10]), competitively displacing endogenous full-length HKII in the process ([Fig. 8*A*, *B*](#F8){ref-type="fig"}). Disruption of the VDAC--HKII interaction leads to ΔΨ~m~ depolarization ([Fig. 6*B*](#F6){ref-type="fig"}), inhibition of mitochondrial respiration and glycolysis ([Fig. 7](#F7){ref-type="fig"}), depletion of intracellular ATP levels ([Fig. 6*A*](#F6){ref-type="fig"}), release of cytochrome *c* ([Fig. 8*A*, *B*](#F8){ref-type="fig"}) and, finally, apoptosis ([Fig. 5*C*, *D*](#F5){ref-type="fig"}). This proposed model for the action of pHK-PAS in cancer cells is strongly supported by control experiments with variants of the peptide, pHK~scram~-PAS and pAntp-PAS ([Supplemental Fig. S3*A*, *B*](http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201601173R/-/DC1)), which demonstrated that the effects of pHK-PAS in cancer cells are mediated by the specific displacement of HKII from mitochondria by the pHK segment of CPP.

The mechanism by which dissociation of HKII from VDAC leads to mitochondrial dysfunction and apoptosis in cancer cells remains controversial. Some studies have proposed that upon displacement of HKII from the mitochondrial membrane, proapoptotic Bax translocates to the mitochondria, where it interacts with the unoccupied VDAC to form a large pore that exhibits conductance levels that are 4- and 10-fold greater than those of VDAC and Bax channels, respectively, but that lacks the ion selectivity of individual channels ([@B16], [@B67]). Moreover, unlike either the VDAC or Bax channels, the VDAC--Bax pore is large enough to allow passage of cytochrome *c* to the cytosol. Other studies have suggested that disruption of the VDAC--HKII interaction results in the opening of the mitochondrial permeability transition pore (PTP) independent of Bax ([@B31], [@B68]). PTP is a pathalogic channel that is hypothesized to be a multiprotein complex that consists of cyclophilin D in the matrix, adenine nucleotide translocator in the inner membrane, and VDAC in the outer membrane ([@B2], [@B69]). The opening of PTP allows an influx of solutes of \<1.5 kDa into the matrix, which results in rapid ΔΨ~m~ depolarization and matrix swelling, followed by cristae unfolding and breaches in the OMM that are permeable to proteins ([@B70], [@B71]). Irrespective of the mechanism, it is clear that targeted displacement of HKII from the mitochondrial membrane by pHK-PAS transmits a potent death signal in cancer cells.

Of importance, pHK-PAS is considerably less toxic to noncancerous HEK293 cells compared with HeLa cells ([Fig. 5*A*](#F5){ref-type="fig"}). Our results are in line with a recent study that showed that delivery of the N-terminal 15 aa of HKII by multiwalled carbon nanotubes resulted in substantially greater toxicity in MCF-7 human breast cancer cells and HCT116 human colon carcinoma cells compared with noncancerous IMR-90 human fetal lung fibroblasts ([@B61]). It should be noted that significant toxicity was also reported in IMR-90 cells, which is likely the result of the inherent cytotoxicity of the carbon nanotube delivery platform ([@B62], [@B63]). Here, the small apparent decrease in MTS response of HEK293 cells that were treated with higher peptide concentrations of pHK-PAS ([Fig. 5*B*](#F5){ref-type="fig"}) can be attributed to nonspecific perturbation of cells by the peptide, which has been reported for a number of other hydrophobic CPPs ([@B40]). However, this effect is not statistically significant, as evidenced by the lack of depletion of intracellular ATP levels or depolarization of ΔΨ~m~ in these cells upon exposure to the peptide ([Supplemental Fig. S3*C*](http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201601173R/-/DC1)).

The markedly differing responses of HeLa and HEK293 cells to pHK-PAS can be explained by the different characteristics of the 2 cell types. Whereas cancer cells, such as HeLa, express \>60-fold higher levels of HKII compared with normal tissue ([@B16]), HKII expression in noncancerous HEK293 cells is ∼10-fold lower than in HeLa cells ([Supplemental Fig. S4](http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201601173R/-/DC1)). In cancer cells, elevated levels of mitochondria-associated HKII serve to inhibit apoptosis, thereby allowing these cells to continue to grow and proliferate; noncancerous cells, on the other hand, do not utilize their lower levels of mitochondria-bound HKII as protection against apoptosis ([@B2], [@B7], [@B16], [@B31]). Dissociation of HKII from mitochondria in noncancerous cells, therefore, does not lead to apoptosis, as illustrated by the lack of cytochrome *c* release in HEK293 cells ([Fig. 8*C*, *D*](#F8){ref-type="fig"}). Moreover, whereas elevated levels of mitochondria-associated HKII are needed to maintain the high glycolytic rates that are necessary for energy production and biomolecule synthesis in rapidly dividing cancer cells, noncancerous cells rely on oxphos as their primary energy-generating pathway ([@B1], [@B3], [@B14], [@B15]). Thus, dissociation of HKII from mitochondria, which inhibits the enzyme's activity ([@B60]), is far less detrimental to noncancerous cells compared with cancer cells.

In summary ([**Fig. 9**](#F9){ref-type="fig"}), pHK-PAS exhibits enhanced cellular uptake and mitochondrial localization compared with pHK in cancer cells. Upon binding to mitochondria, pHK-PAS displaces endogenous full-length HKII. Disruption of the HKII--VDAC interaction in cancer cells results in ΔΨ~m~ depolarization, inhibition of mitochondrial respiration and glycolysis, depletion of intracellular ATP levels, release of cytochrome *c*, and, finally, apoptosis. Of significance, pHK-PAS is considerably less toxic to noncancerous HEK293 cells, in which displacement of HKII from mitochondria does not lead to apoptosis, indicating that the peptide exhibits selective HKII-mediated cytotoxicity against cancer cells. Taken together, our results demonstrate that pHK-PAS is a novel CPP with potent anticancer properties.

![Proposed model of pHK-PAS action. Coupling of PAS to pHK enhances the peptide's cellular uptake. This uptake occurs by both macropinocytosis and energy-independent mechanisms (translocation across the plasma membrane). In the case of uptake by macropinocytosis, the PAS sequence facilitates escape of the peptide from macropinosomes to the cytosol, whereas translocation provides the peptide with direct access to the cytosol. Once in the cytosol, pHK-PAS accumulates at the mitochondrial membrane, where it binds to VDAC and displaces endogenous full-length HKII in the process. The disruption of the HKII--VDAC interaction leads to ΔΨ~m~ depolarization, inhibition of mitochondrial respiration and glycolysis, depletion of intracellular ATP levels, release of cytochrome *c*, and, finally, apoptosis.](fasebj201601173Rf9){#F9}
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ΔΨ~m~

:   mitochondrial membrane potential

CPP

:   cell-penetrating peptide

CTG

:   CellTiter-Glo

ECAR

:   extracellular acidification rate

FACS

:   fluorescence-activated cell sorting

FBS

:   fetal bovine serum

FCCP

:   carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone

HKII

:   hexokinase II

HPLC

:   high-performance liquid chromatography

MTS

:   3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2*H*-tetrazolium, inner salt

OCR

:   oxygen consumption rate

OMM

:   outer mitochondrial membrane

oxphos

:   oxidative phosphorylation

pAntp

:   penetratin

PAS

:   penetration-accelerating sequence

pHK

:   peptide corresponding to the mitochondrial membrane-binding N-terminal 15 aa of HKII

pHK~A488~

:   Alexa 488-labeled pHK; pHK-PAS~A488~, Alexa 488-labeled pHK-PAS

pHK~scram~

:   scrambled pHK

PI

:   propidium iodide

PTP

:   permeability transition pore

TMRM

:   tetramethylrhodamine methyl ester

VDAC

:   voltage-dependent anion channel
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